The extensive refolding of the membraneanchoring chain of hemagglutinin (HA) of influenza virus (termed HA2) in cellular endosomes, which initiates viral entry by membrane fusion, suggests that viral HA is metastable. HA2 polypeptide residues 38-175 expressed in Escherichia coli are reported here to fold in vivo into a soluble trimer. The structure appears to be the same as the low-pH-induced conformation of viral HA2 by a-helical content, thermodynamic stability, protease dissection, electron microscopy, and antibody binding. These results provide evidence that the structure of the low-pH-induced fold of viral HA2 (TBHA2) observed crystallographically is the lowest-energy-state fold of the HA2 polypeptide. They indicate that the HA2 conformation in viral HA before low pH activation of its fusion potential is metastable and suggest that removal of the receptor-biiiding chain (HA1) is enough to allow HA2 to adopt the stable state. Further, they provide direct evidence that low pH is not required to form the membrane-fusion conformation but acts to make this state kinetically accessible in viral HA.
Infection by enveloped viruses proceeds by fusion of viral and cellular membranes that transfers the genetic material of the virus into the cell. The influenza virus hemagglutinin (HA), a homotrimer of the receptor-binding (HA1) and the membrane-anchoring (HA2) polypeptide chains, first binds the virus to a sialylated cell-surface receptor after which it is internalized by endocytosis. At the low pH of endosomes, between pH 5 and pH 6, the membrane fusion potential of the HA is activated (1) (2) (3) . This activation exposes the hydrophobic N terminus of HA2, called the fusion peptide (4, 5) . In vitro the conformational change has been induced both by low pH and by high temperature (4, 6) . Digestion of native HA with bromelain produces a soluble molecule, BHA, by removing the HA2 C-terminal membrane anchor (7, 8) . Tryptic digestion of BHA in the fusion pH conformation to remove the HA, domains (4, 9, 10) and thermolysin digestion to remove the fusion peptide (9, 11) produced a soluble trimeric fragment of HA in the low-pH-induced conformation called TBHA2 (9, 11) . The three-dimensional structure of TBHA2, which is composed of HA2 residues 38-175 [HA2-(38-175)] disulfide bonded to HA, residues 1-27 [HA1-(1-27)], was determined by x-ray crystallography and has a triple-stranded a-helical coiled coil from residues 38 to 105, a turn around residue 107, and a small domain composed of a short a-helix and three strands of 3-sheet (including HA, residues 12-16) packed back against the lower part of the coiled coil (12).
The observed irreversibility of the fusion-pH-induced conformational change (4) and the increased thermostability of TBHA2 compared to HA even at neutral pH (9) suggested that
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the low-pH-induced structure is more thermodynamically stable than the neutral structure [i.e., that the neutral pH structure of HA is metastable (6, 12, 13)]. The simplicity of the long a-helical coiled-coil fold of TBHA2 (12), the finding that synthetic segments of the coiled-coil region form a-helical trimers in solution (13), and the observation that TBHA2 was more thermodynamically stable than HA suggested that a soluble fragment of HA2 would fold in Escherichia coli or could be refolded from denaturants, although neither have been accomplished for the HA molecule.
In this paper, we describe that the recombinant HA2-(38-175), which corresponds to the HA2 portion of TBHA2, folds in vivo into the low-pH-induced conformation of viral HA2. In contrast to short synthetic trimeric coiled-coil peptides (14), this triple-stranded coiled-coil-containing structure, like TBHA2, does not bind to lipid vesicles. These results provide evidence that the structure of the low-pH-induced fold of HA2 (TBHA2) observed crystallographically is the lowest-energystate fold of the HA2 polypeptide in the absence of HA,. (Fig. 1) . The EBHA2 polypeptide (Fig. 1A, lane 1) was purified from the soluble fraction of lysates of transfected bacteria by heat treatment at 68°C (pH 7.5), taking advantage of the expected thermostability of the low-pH-induced conformation (6) . Evidence that the one disulfide bond, between residues 144 and 148, had formed was provided by a difference in mobility between reduced and unreduced EBHA2 on SDS/ PAGE and by measuring the number of free Cys residues in denatured EBHA2 with Ellman's reagent. EBHA2 has the apparent molecular mass of a trimer, 48 kDa, measured by gel filtration (data not shown), and shows the three bands expected for a trimer when crosslinked chemically (Fig. 1A, lanes  1-9) , like viral TBHA2 (Fig. 1A, lane 10) . CD and thermal stability measurements indicate that EBHA2 has the high a-helical content and high thermal stability characteristic of the a-helical coiled coil in TBHA2 (6, 9, 13) (Fig. 1B) . Thermal denaturation of EBHA2 was observed by monitoring the changes in CD at 222 nm. At pH 7.2, a single unfolding transition was observed at melting temperature (Tm) 70°C (Fig. 1C) . This is comparable to the unfolding transition of TBHA2 (Tm = 76°C), which contains in addition to HA2-(38-175), one oligosaccharide on HA2 and 27 residues with two oligosaccharides of HA, (9, 12, 16 ). TBHA2 (9) and low-pH-treated BHA (6) are more stable to thermal denaturation at pH 5.0 than pH 7.0 by at least 19°C. Similarly, EBHA2 denatures at a temperature 14WC higher at pH 5.2 (Tm = 84°C) than at pH 7.2 (Fig. 1D) . Thus the secondary structure as measured by CD, the thermal stability, and the pH dependence of the unfolding transitions of EBHA2 folded in E. coli are similar to those of TBHA2 produced proteolytically from low-pH-treated viral HA.
METHODS
Structure Features of EBHA2 Are the Same as TBHA2. Two other specific features of the TBHA2 structure (12) can be probed biochemically, one proteolytically and the other with specific antibodies (18). A number of proteases when incubated with TBHA2 at pH 7.0 yield a stable 10-kDa fragment. Thermolysin incubated with TBHA2 yields a 10-kDa fragment that N-terminal sequencing and mass spectrometry identify as residues 38-125; trypsin yields fragments containing residues 40-124 and 40-127 (18) ( Fig. 2A) . Tryptic digestion of EBHA2 under similar conditions produces the identical -10-kDa fragments ( Fig. 2A) , which N-terminal sequencing and mass spectrometry also identify as residues 40-124 and 40-127. The production of similar 10-kDa fragments after digestion of both TBHA2 and EBHA2 with a variety of proteases ( Both of these antisera were shown by ELISA to bind equally to EBHA2 and TBHA2 (Fig. 2B) . Thus, EBHA2 appears to have the low-pH-induced conformation of both TBHA2 and low-pH-treated HA including the turn at residue 107.
In EMs ( [HA2-(54-93)] that is similar to a 36-residue synthetic peptide that forms triple-stranded a-helical coiled coils in solution (13). Fig. 3 demonstrates that neither EBHA2 nor TBHA2, both of which contain the HA, segment of residues 54-93 of the coiled-coil, binds lipid vesicles. Neither by incubating EBHA2 and TBHA2 with lipid vesicles (Fig. 3A) nor by creating TBHA2 from BHA already associated with lipid vesicles through its N-terminal fusion peptide (Fig. 3B) (4, 9, 11) was lipid association observed. Under both of these conditions the low-pH-induced conformation of BHA bound lipid (Fig. 3A, lane 14, and B, lanes 2, 4, 6 , and 8) but EBHA2 and TBHA2 did not (Fig. 3 A, lanes 2, 4, 7 , and 9, and B, lanes 5, 7, and 9). These observations are consistent with earlier indications that the nonpolar N-terminal of HA2 was required for interaction with lipids (4, 9, 11). The implication for membrane fusion of the pH dependence of the lipid binding reported for the synthetic model coiled coils (figure 4 of ref.
14) is also inconsistent with earlier observations of membrane fusion at higher pHs by mutant HAs with amino acid substitutions outside the coiled-coil region (5, (19) (20) (21) (22) (9, 18) and thermodynamic measurements (6, 9) indicate that the same rod-like structure forms and is more stable than the metastable HA2 structure in the presence and absence of the fusion peptide. A shorter HA2 fragment, residues 38-125 (EBHA2 is residues 38-175), produced by proteolysis of viral HA (18) or expressed in E. coli (C. Carr and P. Kim, personal communication) also forms a stable triple-stranded oligomer.
Because the folding observed here occurs at neutral pH, it is likely that the biological requirement of low endosomal pH for the HA function in influenza virus infection (1-3) is not to stabilize a fusion-active HA conformation or to promote a pH-dependent step in bilayer fusion but is only required to remove the kinetic constraints preventing the formation of the fusion-pH structure. This suggests the possibility that if the membrane anchor and fusion-peptides normally associated with the ends of HA2 could be restored to EBHA2, then it would be fusogenic at neutral pH. Expression of a soluble domain, devoid of the nonpolar fusion peptide and membrane anchor peptides, may be a general method for studying the structure of membrane fusion proteins from other viruses (and cells), especially where the mechanism by which the fusion active conformation is achieved is less well characterized (as in paramyxoviruses and retroviruses) or when the molecule is not amenable to proteolytic dissection.
